In this work, we present a simplified versatile approach to synthesize monodisperse and robust entirely polymeric raspberry-like particles (RPs) via an in situ seeded polymerization method. The RPs with dual-scale hierarchical structure were prepared by absorption of monomer styrene, cross-linkable monomer ethylene glycol dimethacrylate (EDGMA) and azobisisobutyronitrile (AIBN) initiator into hollow P(styrene-divinylbenzene-trifluoroethyl methacrylate) [P(S-DVB-TFEMA)] nanoreactors, and then massive corona polymeric P(S-EDGMA) particles were in situ grafted onto the core hollow P(S-DVB-TFEMA) from the inside out, obtaining the robust all-polymer P(S-DVB-TFEMA)@P(S-EDGMA) RPs. The prepared RPs possess excellent mechanical and chemical stability toward long-term ultrasonic and acid/base treatment. Without post-modifications, the particulate film assembled by the RPs exhibited the static contact angle of 154°and high adhesion to water droplets. Theoretical model of the RPs and theoretical analysis, which corresponded well to experimental data, further reveal the high adhesive phenomenon. More importantly, the prepared sticky superhydrophobic surface colored by fluorescent dye can be utilized as ''a mechanical hand'' for micro-droplet transportation with high visibility in UV dark chamber. Thus, we anticipate that the sticky superhydrophobic surface constructed by the robust all-polymer RPs will offer great potential applications in micro-droplet manipulation and biological detection.
Introduction
The biological surfaces found in nature offer the inspirations and design principles to construct multifunctional superwetting interfacial materials [1] [2] [3] . For example, rose petal exhibits superhydrophobicity with water contact angle of more than 150°and a high contact angle hysteresis, showing high adhesion to water. Feng et al. [4] revealed that the ''petal effect'' is in Cassie impregnating wetting state, in which water infiltration into the large-scale micropapillae results in high adhesion with surface, whereas the trapping air in the massive nanofolds provides a high apparent contact angle. According to the established wetting theory [5, 6] , the synergetic effect of the waxy coating along with the dual-scale hierarchical architecture is attributed to this unique wetting state. Inspired by the rose petals, artificial superhydrophobic surfaces with high solid/liquid adhesive forces have attracted tremendous interests owing to their potential applications in areas such as dew collection as a water source, droplet manipulation without loss or contamination, microsample analysis and cell diagnosis [7] [8] [9] [10] [11] [12] . Great efforts have been made in fabrication of rose petal-like superhydrophobic surfaces by controlling the morphology of microstructures and altering their surface composition via hydrothermal method, template duplicating, lithography, electrodeposition [13] [14] [15] [16] [17] [18] [19] [20] . Chen et al. [17] fabricated metallic glass nanotubes (MGNTs) with high water adhesion on a Si substrate, by sputter-depositing a coating of metallic glass (Zr 55 Cu 30-Al 10 Ni 5 ) over a contact-hole array template created in photoresist. Before sputter-depositing, a series of tedious treatments for the Si substrate were implemented including ultrasonic rinsing and HF immersion. Lee et al. [19] reported a hybrid surface for liquid adhesion, and the fabrication procedures of the hybrid surface were as follows: Electron-beam lithography was used to create an array of holes in a PMMA/Si master; PDMS casting onto the master was followed by curing, and then liftoff resulted in nanopillar arrays; and a mussel-adhesive-proteinmimetic polymer as post-modification agent was coated onto the fabricated nanopillars. Liu et al. [20] presented that the surface with controlled wettability was obtained by alternately depositing diallyldimethylammonium chloride and sodium 4-styrene sulfonate on a rough copper substrate prepared by laser processing and then post-modifying with C 7 F 15 COONa. However, most of the existing methods are suffering from several drawbacks such as complex process, poor physical-chemical stability and sophisticated equipment [21] . Thus, it is highly desirable to develop a practical, facile and universal strategy to construct rose petal-like superhydrophobic surfaces.
Recently, anisotropic raspberry-like particles (RPs) with controllable shape and surface chemistry have drawn growing attention due to their superior properties for both fundamental researches and practical applications in surface-enhanced Raman scattering, heterogeneous catalysts, biomedical implications and so on [22] [23] [24] [25] [26] . Generally, the hierarchical RPs are synthesised by physical adsorption or chemical linking of the smaller corona particles onto the larger core particles via interactions between the binary particles, such as electrostatic interactions, hydrogen bonding, p-p interaction and so on. However, most of the prepared RPs are subjected to the weak mechanical and chemical stability due to their weak linkage between the hybrid particles [27] .
As one of the most promising building blocks, RPs have been widely developed to construct superhydrophobic surfaces via colloidal assembly method due to their dual-sized hierarchical structure, large specific surface areas and designed surface properties [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . In accordance with the chemical composition of the core particles, the RPs can be divided into four categories including inorganic/polymer, inorganic/ inorganic, polymer/inorganic and polymer/polymer composite RPs. Indeed, the inorganic/polymer particles have been widely utilized to fabricate superhydrophobic surfaces. However, owing to the agglomeration tendencies of the inorganic core particles, fabrication of the inorganic/polymer composites particles always require surface treatment and additional surfactant or stabilizer to reduce the coagulation, which limit their scalability [27, 33, 34] . As for the polymer/inorganic or all-inorganic RPs with intrinsic hydrophilicity due to their inorganic shells, fabrication of superhydrophobic surfaces with these RPs commonly requires fluorination or postmodification with long-chain silanes to minimize the surface energy of the particle film, which increases the cost and further restricts their upscalability [28] [29] [30] [31] [32] [35] [36] [37] . Thus, synthesizing robust all entirely polymeric RPs with intrinsic hydrophobicity is an attractive building strategy for fabricating superhydrophobic surfaces [40] .
To the best of our knowledge, there are only several reports of the mimicry of the rose petal properties using raspberry particles. For example, Xu et al. [41] and Shang et al. [42] fabricated raspberry-like SiO 2 / polystyrene films based on the polymerization of nanosized styrene particles on the surface of silica core particles chemically modified with vinyl anchoring groups, exhibiting a large contact angle hysteresis and strong adhesion to water. Wang et al. [32] reported raspberry-like PS particles by using hydrolyzed MPS as the cross-linking agent. After decorated with a thin layer of silica and post-modification with octadecyltrimethoxysilane, a superhydrophobic particulate film with strong adhesion to water was obtained. Liu et al. [40] prepared a superhydrophobic films with tunable adhesion derived from the raspberry-like colloidal particles after fluorination with perfluorodecanethiol. But for now, the most particulate films consisting of dual-scale hierarchical RPs prepared by existing methods are formed onto corresponding substrates via physical deposition or simple assembly, which means the RPs are insufficient to fix on the substrates that result in weak durability. Consequently, one-step fabricating stable superhydrophobic surfaces with high adhesive force using robust allpolymer RPs without further post-modification is much more attractive and desirable.
Here, we present a simplified versatile approach to synthesize monodisperse and robust entirely polymeric RPs via an in situ seeded polymerization. Our synthetic procedure and the treatment of robust allpolymer RPs consist of three steps as illustrated in Scheme 1. Firstly, hollow P(styrene-divinylbenzenetrifluoroethyl methacrylate) [P(S-DVB-TFEMA)] nanoreactors were fabricated by dispersion polymerization and chemical etching. Secondly, monomer styrene, cross-linkable monomer ethylene glycol dimethacrylate (EDGMA) and azobisisobutyronitrile (AIBN) as an initiator were absorbed into the cavities of the hollow P(S-DVB-TFEMA) particles and then coated on glass slide. Finally, after thermal initiation, massive corona polymer P(S-EDGMA) particles were in situ grafted onto the core hollow P(S-DVB-TFEMA) from the inside out, obtaining the robust allpolymer P(S-DVB-TFEMA)@P(S-EDGMA) RPs on the glass substrates to form superhydrophobic particulate films with high adhesive force to water without post-modifications. Compared with the previous reports, the prepared RPs possess excellent mechanical and chemical stability even after longterm ultrasonic and acid/base treatment, and the RPs can fix on the substrates with the help of construction for corona P(S-EDGMA) particles involving EDGMA used for increasing stickness. Because neither postassembly for hierarchical structure formation nor post-modification for hydrophobization and fixation onto substrates is required, the fabrication procedures for the functional surface consisting of the RPs can be simplified. Moreover, theoretical model of RPs was established to analyze the water adhesive properties, which values corresponded well to the experimental data. The prepared sticky superhydrophobic surfaces colored by fluorescent dye can be utilized as ''a mechanical hand'' for micro-droplet transportation and manipulation with high visibility in UV dark chamber.
Experimental Materials
Styrene was purchased from Shanghai Chemical Reagent of China and distilled to remove the inhibitor in a vacuum. Divinylbenzene (DVB, 50%), ethylene glycol dimethacrylate (EDGMA, 98%) and trifluoroethyl methacrylate (TFEMA, 98%) were supplied by Shanghai Macklin Biochemical (China). Both 2,2 0 -azobis(isobutyronitrile) (AIBN, 98%) and poly(vinylpyrrolidone) (PVP, K30) with a molecular weight of 30000 were supplied by Sinopharm Chemical Reagent of China and used as received. Tetraethyl orthosilicate (TEOS, 98%), vinyl triethoxy silane (VTES, 98%), absolute ethanol, aqueous ammonia (NH 3 ÁH 2 O, 28%) and sodium hydroxide (NaOH) were of analytical grade and purchased from Shanghai Chemical Reagent of China. Fluorescent dye Solvent Yellow 43 was supplied by Shanghai Mobei Biotechnology of China. Deionized water was used throughout the experiment.
Fabrication of raspberry-like all-polymer particles based on hollow nanoreactors
The whole procedure for fabrication of entirely polymeric RPs based on self-made hollow nanoreactors could be divided into two steps, including absorption of monomer, cross-linkable monomer and initiator into hollow nanoreactors and construction of dualscale hierarchical raspberry-like structure through thermal initiation after scrape coating the poly-reactants-loaded particles on glass substrates (Scheme 1).
Synthesis of hollow nanoreactors
The detailed procedures for synthesis of hollow particles as nanoreactors were previously reported by our group [43] . Various mass ratios of TFEMA to St (0 wt%, 25.0 wt%, 50.0 wt%, 75.0 wt% or 100.0 wt%) were added into the reaction system to synthesize a series of hollow P(S-DVB-TFEMA) nanoreactors. The whole fabrication processes of hollow P(S-DVB-TFEMA) nanoreactors were shown in Supporting Information.
Fabrication of P(S-DVB-TFEMA)@P(S-EDGMA) RPs
The hollow P(S-DVB-TFEMA) nanoreactors were added into 30 mL of deionized water under stirring, and then St, EDGMA and AIBN were added into the above system, respectively. The resulting mixture was stirred at room temperature for 10 h. During the process, the amount of St was 0.8 g and the mass ratio of the nanoreactors:St:EDGMA was kept constant at 1:2:1, with 12.5 wt% of AIBN (based on the weight of St) throughout the experiments. The poly-reactantsloaded particles after absorption were coated on the surface of glass slides using scrape coating and then heated to 80°C for 6 h to initiate polymerization in an oven; thus, P(S-DVB-TFEMA)@P(S-EDGMA) RPs were obtained.
Fabrication of P(S-DVB-TFEMA)@P(S-EDGMA) RPs with fluorescent effect
Solvent Yellow 43 (50.0 wt%, based on the weight of St) was mixed with poly-reactants to fabricate P(S-DVB-TFEMA)@P(S-EDGMA) RPs with fluorescent effect in the presence of hollow P(S-DVB-TFEMA) nanoreactors via the same method as fabrication of P(S-DVB-TFEMA)@P(S-EDGMA) NPs.
Characterization and measurements
The morphologies and energy-dispersive spectrum (EDS) of samples were characterized using a scanning electron microscope (SEM) apparatus (Hitachi su1510, Hitachi Co., Japan). The core-shell and hollow structure of the samples were observed by transmission electron microscope (TEM) apparatus (Hitachi JEM-2100, Hitachi Co., Japan). The static water contact angle of samples was measured using the contact angle meter equipped with a CCD camera (Ramehart Instrument Co., USA) at ambient temperature to evaluate the wettability of the samples. The samples used for micro-droplet manipulation were irradiated in ZF-20 dark box UV analyzer (wavelength 365 nm, Shanghai Precision Instrument Co., China).
Results and discussion
Construction and formation mechanism of superhydrophobic P(S-DVB-TFEMA)@P(S-EDGMA) RPs
The alteration of wettability and morphology of hollow P(S-DVB-TFEMA) and P(S-DVB-TFEMA)@P(S-EDGMA) RPs were investigated by contact angle test and SEM. As shown in Fig. 1 , the surface of the hollow P(S-DVB-TFEMA) nanoreactors was smooth with contact angle of 43°, whereas the prepared P(S-DVB-TFEMA)@P(S-EDGMA) particles become rough with massive nanosized corona particles around 10 nm were uniformly anchored on the surface of core particles, forming micro/nano-hierarchical structured RPs. Due to the amplification effect of the constructed hierarchical rough structure to the wettability, the obtained RPs with intrinsic hydrophobicity have contact angle of 148°.
Furthermore, the formation mechanism of the RPs was also discussed. As shown in Fig. 2 , the original hollow P(S-DVB-TFEMA) nanoreactors can simultaneously absorb and load monomers and initiator. After thermal initiation, the polymeric P(S-EDGMA) particles firstly filled with confined nanoreactors cavity and then produced massive corona P(S-EDGMA) particles on nanoreactors surface through the pores of nanoreactors shell. Moreover, the existence of corona P(S-EDGMA) particles on nanoreactors surface was confirmed by EDS results. Comparative to element content of hollow nanoreactors (Fig. 3a) , C element content increased to 85.44% while F element content decreased to 6.85% of P(S-DVB-TFEMA)@P(S-EDGMA) RPs (Fig. 3b) . The changes of surface element contents were attributed to the coverage of the P(S-DVB-TFEMA) core particles by the polymeric P(S-EDGMA) particles, further verifying the formation of the entirely polymeric RPs.
TFEMA monomer was introduced into raspberrylike all-polymer structure by copolymerization for its low surface energy in order to further enhance hydrophobicity of the entirely polymeric RPs. Thus, the effect of variable amount of TFEMA on static water contact angle of P(S-DVB-TFEMA)@P(S-EDGMA) RPs was investigated as shown in Fig. 4a . Static water contact angle increased with changing the mass ratio of TFEMA to St from 0 to 75 wt%, and superhydrophobic RPs reached the highest contact angle of 154°when the ratio value was 75 wt%. Figure 4b showed that effective construction and rule distribution of superhydrophobic RPs with 75 wt% of TFEMA were realized, that caused regular dual-scale hierarchical morphology of the RPs could be maintained. In addition, the contact angle of the P(S-DVB-TFEMA)@P(S-EDGMA) RPs with 100 wt% of TFEMA decreased slightly. Among the reasons for it that agglomeration of the RPs with excessive amount of TFEMA happened after thermal initiation (Fig. 4c) , which led to the regular raspberry-like structure with dual-scale hierarchy was difficult to construct effectively that result in adverse effect on hydrophobicity.
Water adhesion and wetting state of superhydrophobic P(S-DVB-TFEMA)@P(S-EDGMA) RPs
The water droplet (5 lL) did not slide and maintained spherical shape when the substrate was tilted vertically (tilt angle, 90°) or even turned upside down (tilt angle, 180°), demonstrating high adhesive force of the superhydrophobic P(S-DVB-TFEMA)@P(S-EDGMA) RPs (TFEMA, 75 wt%) to water (Fig. 5a ). It was illustrated that water adhesion could maintain in certain degree when contact line between the water droplet and the superhydrophobic RPs moved forward or back; hence, strong contact angle hysteresis happened on the surface of the superhydrophobic RPs. As shown in Fig. 5b , a water droplet (5 lL) squeezed by microsyringe was completely transferred to upper substrate, further confirmed that the as-prepared superhydrophobic RPs were provided with high water adhesive force. Therefore, sticky superhydrophobicity could be attributed to their unique dual-scale hierarchical raspberry-like allpolymer structure. According to the Cassie impregnating wetting state proposed by Jiang et al. [4] , water droplets on sticky superhydrophobic P(S-DVB-TFEMA)@P(S-EDGMA) RPs were inclined to impregnate into the large gaps between them but could not wet their surface (Fig. 5c) . Thus, a large contact area at the interface between water and the raspberry-like structure was produced. Since the surface adhesion was proportional to the contact area [44, 45] , this large liquid-solid contact area endowed the superhydrophobic P(S-DVB-TFEMA)@P(S-EDGMA) RPs with high water adhesive force. Because of this, such sticky superhydrophobic P(S-DVB-TFEMA)@P(S-EDGMA) RPs could be effectively used as ''a mechanical hand'' in micro-droplet manipulation without loss.
Theoretical structure model and theoretical adhesion calculation
According to research findings proposed by Bormashenko et al. [46] , the variation calculation formula of the energy per unit area for liquid-vapor interfaces produced on the raspberry-like structure was as follows:
where let x be the fraction of large-scale liquid-air interface in the underlying substrate surface and m be the fraction of small-scale cross section in the nanoreactor surface. And g(h E ) is a geometric factor that is the ratio between the nanoreactor surface and its projection onto the substrate, where g(h E ) is a decreasing function of h E and h E is the angle between nanoreactor-water-air contact interface and the substrate. Based on Young Equation under the minimum condition dE = 0, the static water contact angle h* was as follows:
For further theoretically calculating the static water contact angle to verify dual-scale hierarchical structure morphology, the model of the raspberrylike all-polymer structure without low surface energy modification is shown in Fig. 6 . From simple trigonometry, in particular x = m because both largeand small-scale structures of theoretical raspberrylike structure were spherical shape, the following equations were obtained:
where R is the radius of large-scale structure (nanoreactors) and a is the shortest distance between their surfaces. Finally, theoretical calculation formula of the static water contact angle h* was obtained by plugging in Eqs. 3 and 4 into Eq. 2:
On the basis of research results from Bormashenko et al. [46] , the angle between round particle-water-air contact interface and the substrate was 75°. Furthermore, let a = 0 due to random distribution of smallscale structure (corona P(S-EDGMA) particles) on nanoreactors. After theoretical calculation, theoretical value of the static water contact angle (h*) was 137°f rom Eq. 5, which corresponded closely to the measured contact angle (132°) of the raspberry-like allpolymer structure (TFEMA, 0 wt%). Therefore, theoretical model of the raspberry-like all-polymer structure was built.
To investigate in detail sticky superhydrophobic effect of P(S-DVB-TFEMA)@P(S-EDGMA) RPs when the mass ratio of TFEMA to St was 75 wt%, water adhesive force was theoretically calculated according to shape deformation of a water droplet just before detachment from the surface. Figure 7b is a schematic illustration of the deformation of the water droplet, and the stress analysis equation proposed by Lu et al. [47] could be simply described:
where f is water adhesive force and DP is the pressure difference between liquid and vapor phase. S is the contact area between the water droplet and the surface, G is the gravitational force acting on the water droplet and F c is the drag force caused by surface tension from Eq. 7:
where r is the radius of water droplet contact area and c is the surface tension of water (c = 72.8 lN/m). Theoretical calculation formula of water adhesive force f was obtained by plugging in Eq. 7 into Eq. 6:
where V is 5 lL of water droplet; let DP = 0 because water droplet was too small. The radius of water Figure 6 Theoretical model of the raspberry-like allpolymer structure without low surface energy modification.
droplet contact area r could be calculated by trigonometric function method as shown in Fig. 7a :
where R w = 1.06 mm is the radius of water droplet (5 lL) and h = 154°is static water contact angle of sticky superhydrophobic P(S-DVB-TFEMA)@P(S-EDGMA) RPs (TFEMA, 75 wt%). The radius of water droplet contact area r is 0.465 mm after calculation. Finally, theoretical value of water adhesive force f is 162.7 lN from Eq. 8. In view of this, let f = G when the substrate was turned upside down (tilt angle, 180°); thus, the sticky superhydrophobic surface consisting of P(S-DVB-TFEMA)@P(S-EDGMA) RPs (TFEMA, 75 wt%) could adhere with 16.27 lL of water droplet in theory. Figure 7c shows that water adhesion could be realized when volume of water droplet on vinyltriethoxysilane (VTES)-modified SiO 2 as hydrophobic horizontal substrate was 16 lL, but water adhesion could not be realized when volume of water droplet on the same horizontal substrate was 18 lL.
Theoretical volume of adhesive water droplet accorded with measured results ranges from 16 to 18 lL, which indicated that theoretical calculation formula for water adhesive force of sticky superhydrophobic P(S-DVB-TFEMA)@P(S-EDGMA) RPs (TFEMA, 75 wt%) was established.
The chemical and mechanical stability of RPs
Generally, the majority of present hierarchical RPs are synthesised by physical adsorption or chemical linking of the smaller corona particles onto the larger core particles, which were limited by their weak stability. Different from previous reports, the obtained entirely polymeric RPs show excellent mechanical and chemical stability even after longterm ultrasonic and acid/base treatment.
Because of the harsh environmental conditions involved in practical applications, the chemical and mechanical durability of the RPs was studied in detail. As shown in Fig. 8a , contact angle and adhesion behavior of RPs to water under different pH values were measured. When the water pH increased Figure 7 a Constant area of water droplet on the sticky superhydrophobic surface, b calculation model of water adhesive force and c water adhesion using the sticky superhydrophobic surface (horizontal substrate material was VTES-modified SiO 2 ). from 1 to 13, the superhydrophobicity and high adhesive property of the RPs particulate film remained stable, confirming the sticky superhydrophobic surface has excellent chemical stability. Moreover, the as-prepared P(S-DVB-TFEMA)@P(S-EDGMA) RPs could keep its sticky superhydrophobicity and raspberry-like morphology even after 20 min ultrasonic treatment, indicating the RPs have stable mechanical durability (Fig. 8b) .
The stability for fixation between RPs and glass substrate
The stability for fixation between sticky superhydrophobic P(S-DVB-TFEMA)@P(S-EDGMA) RPs and glass substrate was estimated by peeling cycles using paper adhesive tape. Seen from results of adhesive peeling tests (Fig. 9a) , the fixation interaction between the RPs and the surface of glass slide and the integrity of the coating onto glass surface were maintained in certain degree after 20 circles of adhesive peeling. The reason for this was that, crosslinked monomer EDGMA was favorable to enhancing stickness of copolymers to substrates via polymerization [48] ; thus, the prepared sticky superhydrophobic RPs could fix to the glass slide in a certain degree with the help of construction for corona polymer protrusions involving EDGMA under the condition of thermal initiation. Meanwhile, the superhydrophobic effect and micro-droplet manipulation of the RPs treated by 20 circles of adhesive peeling could be still realized (Fig. 9b, c) .
Micro-droplet manipulation with high visibility in UV dark chamber Figure 10 shows that the as-prepared robust P(S-DVB-TFEMA)@P(S-EDGMA) RPs colored by oily fluorescent dye (Solvent Yellow 43) still kept sticky superhydrophobic effect (Fig. 10b, c) and meanwhile exhibited fluorescent effect under UV light (Fig. 10a) . Based on these characteristics, micro-droplet manipulation with fluorescence tracing observation in UV dark chamber could be realized (Fig. 10d) . Thus, sticky superhydrophobic P(S-DVB-TFEMA)@P(S-EDGMA) RPs with high visibility in UV dark chamber could be expected to have special potential applications in areas such as biological detection and medical laboratory. 
Conclusions
In conclusion, when the mass ratio of TFEMA to St was 75 wt%, superhydrophobic P(S-DVB-TFE-MA)@P(S-EDGMA) RPs were fabricated based on absorbable hollow P(S-DVB-TFEMA) nanoreactors. Results from tilt and transfer behavior of water droplet demonstrated that such superhydrophobic P(S-DVB-TFEMA)@P(S-EDGMA) RPs were provided with high water adhesive force. Thus, sticky superhydrophobic P(S-DVB-TFEMA)@P(S-EDGMA) allpolymer RPs could be effectively used as ''a mechanical hand'' in micro-droplet manipulation. Theoretical structure model and theoretical adhesion calculation were established; theoretical values obtained from theoretical calculations corresponded closely to the measured values. Both sticky superhydrophobicity and dual-scale hierarchical structure of the as-prepared robust all-polymer RPs were maintained in different pH environments or after 20 min ultrasonic treatment. Micro-droplet manipulation with high visibility in UV dark chamber was realized by using sticky superhydrophobic P(S-DVB-TFEMA)@P(S-EDGMA) RPs colored by oily fluorescent dye for the first time. This functional microdroplet manipulation would be expected to have special potential applications in areas such as biological detection and medical laboratory in UV dark chamber.
